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[57] ABSTRACT 
An optical parametric oscillator capable of operating in 
the 0.300 to 0.400 micrometer wavelength range is dis 
closed. The oscillator includes a cavity de?ned at its - 
ends by a pair of cavity resonator mirrors. A nonlinear 
optical crystal is positioned on the optical axis of the 
cavity intermediate the mirrors and is rotatable about a 
crystalline axis to tune the oscillator. A pair of pump 
steering mirrors are mounted in the cavity, one mirror 
between each resonator mirror and the corresponding 
end of the crystal. A source of pumping energy supplies 
energetic light to the cavity, the pumping beam being 
directed into the cavity and onto a ?rst steering mirror, 
thence through the crystal and to the second steering 
mirror which then directs the pumping beam out of the 
cavity. The pumping beam may be at a wavelength of 
266 nm, for example, to produce an output wave from 
the oscillator within the range of interest. 

15 Claims, 3 Drawing Sheets 
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PUMP STEERING MIRROR CAVITY 

BACKGROUND OF THE INVENTOR 

This invention was made with Government support 
under Grant No. N000l4-89-K-20l7 awarded by the 
Naval Research Laboratory, and under Grant No. 
EET-88l4647 awarded by the National Science Foun 
dation. The Government has certain rights in the inven- 10 
tion. 
The present invention relates, in general, to singly 

resonant optical parametric oscillators (CFO), and 
more particularly to continuously tunable, high power 
OPOs incorporating a pair of pump steering mirrors for 
introducing a pumping input signal into the oscillator 
cavity and for directing the pumping signal out of the 
cavity. ~ v 

The optical parametric oscillator has long been 
known as a high power, broadly tunable source of co 
herent radiation. In the past, however, the development 
of the OPO has been hampered by a scarcity of nonlin 
ear optical materials possessing suitable optical and 
mechanical characteristics, low-temperature phase bar 
ium metaborate (/3-BaB2O4), a recently developed non 
linear optical material with excellent deep ultraviolet 
transparency, has created a resurgence of interest in the 
OPO. For example, beta barium metaborate (BBO) 
optical parametric oscillators pumped at 308 nm and 
355 nm have been reported to generate light at wave 
lengths from 0.422 to 1.68 micrometers. 

U.S. Pat. application Ser. No. 07/373,064, ?led June 
26, 1989 now abandoned and assigned to the assignee of 
the present application discloses the use of beta barium 
metaborate crystals in frequency conversion applica 
tions, while U.S. Pat. application Ser. No. 07/379,781 of 
L. K. Cheng et a1, ?led on July 14, 1989 still pending 
and also assigned to the assignee of the present applica 
tion, describes the use of such crystals in optical para 
metric oscillators which are tunable in the visible and 
near infrared. Both application Ser. No. 07/373,064 and 
application Ser. No. 07/379,781 are hereby incorpo 
rated herein by reference. 
The use of a BBO crystal in an optical parametric 

oscillator is particularly attractive because such crystals 
have a broad transparency, a large optical nonlinearity, 
large birefringence, and a high fracture temperature. 
Furthermore, BBO crystals have a high optical damage 
threshold, and thus are capable of handling relatively 
high optical power. However, the mirrors used to de 
fine the cavity in an optical parametric oscillator must 
meet stringent requirements, and with the use of a BBQ 
crystal, the mirrors become the limiting factor in the 
available power level. Thus, if an OPO is pumped by an 
input beam having a wavelength of 226 nm, severe 
demands are placed on conventional linear cavity OPO 
mirrors, particularly if a broad tuning range is to be 
achieved. 

Conventional, singly resonant oscillator mirrors are 
required to be highly transmissive at the pump wave 
length, highly transmissive at the idler wavelengths, 
and highly re?ective at the signal wavelengths. In the 
alternative, the responses to the signal and idler 
branches may be interchanged. In addition, these mir 
rors must have high damage thresholds at these three 
wavelengths. In order to achieve the desired reflective 
and transmissive characteristics, custom trichroic mir 
rors are generally required, especially when the pump 
wavelength is in the ultraviolet. For applications where 
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2 
the device needs to be broadly tunable, either broad 
band mirrors or large numbers of narrow bandwidth 
mirrors are required. Since broadband dielectric re?ec 
tive coatings require many stacks on a substrate, they 
tend to be quite thick, particularly for broadband infra 
red high re?ectors since each coating layer is one-quar 
ter wavelength thick. Thick coatings tend to be me 
chanically weak and are far less resistant to optical 
damage. Furthermore, since ultraviolet signals are very 
energetic short waves, such thick coatings present seri 
ous difficulties in broadband oscillators and severely 
limit their operation. Thus, a compromise must be made 
in conventional systems between damage threshold and 
the number of mirrors used to cover the tuning range of 
an OPO. 
An additional problem is that any dielectric mirror 

which efficiently re?ects a given wavelength must also 
reflect its odd harmonics as well, since all of these 
wavelengths interfere constructively in the oscillator 
cavity. This implies that certain wavelengths cannot be 
resonated in the cavity without seriously compromising 
the transmission at the pump wavelength. For a pump 
signal of 266 nm, for example, wavelengths of 0.798 and 
1.33 micrometers cannot be resonated. Thus, the ?exi 
bility and tunability of an optical parametric oscillator is 
severely compromised by conventional cavity designs. 
These problems have made it particularly difficult to 
produce light in the 0.300—0.400 micrometer range. 

SUMMARY OF THE INVENTION 

The present invention overcomes the problems asso 
ciated with conventional cavity designs by providing 
two separate pairs of mirrors in the cavity, thereby 
simplifying the construction of the mirrors while pro 
viding an oscillator which operates reliably in the ultra 
violet, visible and near infrared wavelength regions. In 

' particular, an oscillator which is tunable in the difficult 
range of 0.300-0.400 micrometer range is provided. 
This improved operation is obtained with standard, 
commercially available mirrors, thereby reducing the 
cost of the mirrors by about an order of magnitude. 

In accordance with the present invention, a broadly 
tunable optical parametric oscillator is constructed uti 
lizing a rotatable nonlinear crystal mounted in a cavity, 
the ends of the cavity being defined by a pair of spaced 
OPO resonator mirrors having parallel facing re?ective 
surfaces aligned on the axis of the cavity. In order to 
free the cavity mirrors from the requirement of trans 
mitting the intense pump beam, a pair of pump steering 
mirrors are mounted in the cavity between the crystal 
and the respective cavity end mirrors and are set at 
Brewster’s angle with respect to the cavity axis. These 
pump steering mirrors' are standard, commercially 
available 45' incidence high re?ectors (in excess of 
98%) for the pumping wavelength, which may be 266 
nm, for example. Such a mirror is selected to transmit 
well at the oscillator wavelengths of interest, particu 
larly at wavelengths longer than 0.30 micrometers and 
typically up to about 2.2 micrometers. The long wave 
length cutoff for a typical mirror is due to absorption by 
the fused silica substrate on which the mirror coatings 
are formed. 
For type I phase matching in beta barium borate, for 

example, the extraordinary pump beam is s polarized 
' and directed onto the surface of one of the pump steer 
ing mirrors at Brewsters angle. This beam is directed by 
the mirror along the axis of the cavity through the 
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crystal and to the second pump steering mirror, which 
directs the pump beam out of the cavity. The ordinary 
signal and idler beams produced by the nonlinear crys 
tal are p polarized and are transmitted through the two 
pump steering mirrors to the respective cavity end mir 
rors, this transmission taking advantage of the high 
transmission at Brewster’s angle of the steering mirrors 
at the signal and idler wavelengths. The cavity mirrors 
produce oscillation in the device, with no high power 
?lters being required to separate the OPO output from 
the pump signal. It will be understood that for Type II 
phase matching in BBO, when the extraordinary idler 
beam is resonanted, the pump beam is p polarized. Fur 
ther, the same resonant cavity mirrors can be used for a 
variety of pump wavelengths, and concave cavity mir 
rors can be used without affecting the collimation of the 
pump beam. For a synchronously pumped 0P0, the 
present construction eliminates the need for intracavity 
pump beam shaping optics. Finally, this construction 
has the advantage that it facilitates the use of linewidth 
narrowing elements such as gratings, prisms and etalons 
in the cavity. 

It has been found that the use of pump steering mir 
rors permits a low oscillation threshold and that high 
conversion ef?ciency is possible with proper pump 
beam parameters and when pump steering optics having 
a high damage threshold are used. 
The oscillator of the present invention is capable of 

producing parametric oscillation in the 0.300-0.400 
micrometer range, a region where other sources of 
tunable radiation are less ef?cient and more cumber 
some to use. In tests it has been found that the oscillator, 
when pumped at 266 nm, was continuously tunable over 
the range of 0.33-1.37 micrometer using a single beta 
barium metaborate crystal. Furthermore, the OPO de 
vice utilizing the cavity design of the present invention 
was capable of producing radiation throughout the 

v visible and near infrared, while greatly reducing the 
severe requirements placed upon conventional OPO 
cavity mirrors. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing, and additional objects, features and 
advantages of the present invention will become appar 
ent to those of skill in the art from the following more 
detailed description of a preferred form of the inven 
tion, taken with the accompanying drawings, in which: 
FIG. 1 is a diagrammatic illustration of a broadly 

tunable, high power optical parametric oscillator in 
accordance with the present invention; 
FIGS. 2A-2F are graphical illustrations of the trans 

mittance characteristics of mirrors used in an OPO in 
accordance with FIG. 1 and pumped at a wavelength of 
266 nm; and 
FIG. 3 is a graph illustrating the tuning curve of a 

beta barium metaborate optical parametric oscillator 
pumped at 266 nm. 

DESCRIPTION OF PREFERRED EMBODIMENT 
Turning now to a more detailed description of the 

present invention, there is illustrated in FIG. 1 an opti 
cal parametric oscillator 10 including an optical cavity 
12 de?ned at its opposite ends by a pair of cavity mir 
rors l4 and 16 having facing re?ective parallel or 
slightly concave surfaces 18 and 20, respectively, in 
conventional optical parametric oscillator con?gura 
tion. The mirrors are mounted with their faces perpen 
dicular to the cavity axis 22. Mounted in the cavity 12 
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4 
between mirrors 14 and 16 and on the axis 22 is a nonlin 
ear optical crystal 24. The crystal is mounted for rota 
tion about its crystallographic x axis 26 to provide tun 
ability for the oscillator. 

In a preferred form of the invention, the crystal 24 is 
a beta barium metaborate (B-BaBzO4) crystal. In a test 
of the present invention, the crystal was a type-I OPO 
crystal at 39.1‘ with approximately a l2><6 mrn2 aper 
ture and an interaction length 1 of 20.5 mm. The crystal 
faces were uncoated. Details of the growth and charac 
t'erization of such crystals are described in the aforesaid 
US. application Ser. No. 07/379,781. 
The oscillator 10 is pumped by a source 28, which 

preferably is a commercially available Q-switched 
neodymium-doped yttrium aluminum garnet 
(Nd:YAG) laser. The pumping pulse 30 from source 28 
was the fourth harmonic of the laser output, with a 
diameter of 1.66 mm and a pulse duration of 9 ns. 

In accordance with the present invention, the pump 
beam 30 is directed into the oscillator cavity 12 to a ?rst 
pump steering mirror 32 at Brewster’s angle 95 with 
respect to the surface 34 of the mirror. Mirror 32 is 
located in cavity 12 and is set at Brewster’s angle with 
respect to the cavity axis 22, so that the pump beam 30 
is directed along axis 22 to the crystal 24. The mirror 32 
is a standard, commercially available 45° incidence 
mirror, with its reflective surface 34 being greater than 
98% reflective at the pumping wavelength of 266 nm. 
In addition, the mirror surface 34 is transmissive at the 
parametrically generated oscillator output beam wave 
lengths of interest, in particular at wavelengths longer 
than 0.30 micrometers. Typically, such a mirror may be 
transmissive at wavelengths up to about 2.2 microme 
ters, where the absorption of infrared by the fused silica 
substrate for the mirror cuts off the transmissivity. 
The pump beam 30 is directed by mirror 32 along axis 

22 to a ?rst end 36 of crystal 24, passes through the 
crystal and exits from the second end 38 thereof. The 
pump beam strikes a second pump steering mirror 40 
which is similar to mirror 32, with its face 42 also set at 
Brewster's angle with respect to the axis 22. The face 42 
is highly reflective at the pumping pulse wavelength, 
and de?ects beam 30 out of cavity 12, while being trans 
missive at the parametrically generated wavelengths of 
interest. 
The pumping beam 30 produces optical parametric 

luminescence and frequency conversion in crystal 24 at 
wavelengths which depend upon the rotational angle of 
the crystal about its axis 26. This luminescence is emit 
ted from the ends 36 and 38 of the crystal 24 along 
cavity axis 22 as signal and idler beams, generally indi 
cated at 44. These beams are transmitted through the 
steering mirrors 32 and 40 for reflection from OPO 
mirrors 14 and 16 back to the crystal to produce para 
metric oscillation. One or both of the cavity mirrors 14 
and 16 may be partially transmissive to provide signal 
and idler output signals from the cavity, as generally 
indicated by parametrically generated oscillator output 
beams 46. These output beams will be at the selected 
wavelengths of interest, dependent upon the tuning 
position of the crystal. 

Preferably, the extraordinary pump pulse is S polar 
ized, as indicated at 50, so that the ordinary and idler 
beams 44 will be p polarized, as indicated at 52, to take 
advantage of the high transmission of steering mirrors 
32 and 40 at Brewster’s angle. 
With the con?guration illustrated in FIG. 1, the en 

tire tuning range of the oscillator can be produced with 
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?ve pairs of inexpensive, commercially available high 
re?ectors serving as the cavity resonator mirrors. The 
transmission spectra of examples of such mirrors are 
illustrated as graphs b-f in FIGS. 2B-2F, respectively. 
Selected pairs of mirrors are used in combination with a 
pair of pump steering mirrors having the transmission 
spectrum illustrated in FIG. 2A to provide the complete 
tuning range of the oscillator. The illustrated spectra 
are for mirrors used with a 266 nm pumped 0P0. The 
scale on the vertical axis for each individual Figure is 
from 0% to 100% transmittance, while the horizontal 
axis is the wavelength of the signal or idler beam in 
nanometers. The re?ectivity peaks illustrated at 54, 56, 
58, 60, 62 and 64 in FIGS. 2A-2F, respectively, for the 
transmissivity curves a-f, for all mirrors are better than 
95%. The low transmittance shown in FIGS. 2E and 2F 
near the short wavelength range (200-300 nm) is due to 
the ultraviolet absorption of the mirror substrate. 

In a test of the present invention, pairs of the mirrors 
of each of FIGS. 28, 2C and 2D were used as the cavity 
mirrors 14 and 16, and each pair was found to satisfy the 
conditions for singly resonant oscillation of the signal 
branch of beam 44 to produce the indicated output 
wavelength. The mirror of FIG. 2F satis?ed the condi 
tions for singly resonant oscillation of the idler branch 
of beam 44. The signal branch denotes the shorter 
wavelength output from the crystal 24. The mirrors 
having the spectrum of FIG. 2E had their range of high 
re?ectivity near the degenerate point, and caused dou 
bly resonant oscillation by re?ecting both the signal and 
the idler branches over a narrow wavelength range. 
These mirrors each have a relatively narrow band of 
re?ection and were used for testing the present inven 
tion. However, broadband re?ectors speci?cally de 
signed for the range of wavelengths of interest with the 
present oscillator will permit the use of fewer pairs of 
the mirrors 14 and 16, and it is anticipated that by care 
ful design one or two pairs of mirrors will provide oscil 
lation in the cavity 12 over the entire tunable wave 
length range of the OPO. 
The spacing between the two faces 18 and 20 of mir 

rors 14 and 16, and thus the length of cavity 12, was 55 
mm in the test of the present invention. This length 
corresponds to an optical cavity length of 75 mm and 
about 20 round trip passes through the crystal 24 per 
pulse during operation of the oscillator. 

In the course of the foregoing test of the present 
invention, it was found that the onset of high re?ectiv 
ity of the pump steering mirrors (FIG. 2A) prevented 
good oscillation in the region 0305-0330 micrometers 
when resonating the signal branch with the cavity mir 
rors of FIG. 2B. However, this part of the spectrum was 
readily obtained by resonating the idler branch with 
mirrors which re?ected wavelengths in the range 
1.4-2.0 micrometers, and which transmitted in the 
ultraviolet to allow extraction of the signal branch as a 
part of the output beam 46. _ 
The tuning curve of the OPO 10 was measured by 

operating the device with the crystal 24 attached to ‘a 
calibrated rotation mount for rotation about axis 26. 
The wavelengths of the OPO outputs 46 were measured 
with a 0.2 m double monochromator as the crystal was 
rotated and as various cavity mirrors were used. The 
angle between the crystal face 36 normal and the inter 
nal optic axis of the crystal was calibrated. The mea 
sured tuning curve for the type I, 266 nm pumped [3 
BaB2O4 OPO is shown in FIG. 3 along with the theoret 
ical curve calculated from published Sellmeier equa 
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tions. The output wavelengths obtained using the cavity 
resonator mirrors of FIG. 2B are indicated by diamonds 
66; the outputs produced by the cavity resonator mir 
rors of FIG. 2C are indicated by asterisks 68; the out 
puts produced by cavity resonator mirrors 2D are indi 
cated by triangles 70; the outputs produced by cavity 
resonator mirrors 2E are indicated by circles 72; and the 
outputs produced by cavity resonator mirrors 2F are 
indicated by crosses 74. The solid line 76 is the theoreti 
cal curve. Wavelengths of 0.33-1.37 micrometers were 
produced over the internal angular range of 36.5°—47.5°, 
requiring an external angular rotation about axis 26 of 
18.5’ 
The oscillation threshold in the test device was mea 

sured to be about 4.5 mJ/pulse, which corresponds to 
an intensity of about 23 Mw/cm2. The threshold energy 
per unit area is inversely related to the square of the 
beam diameter where the effective crystal length is 
limited by walkoff. This implies that the threshold en 
ergy per pulse does not depend on beam size. This was 
experimentally veri?ed with a 0.8 mm diameter beam 
and the oscillation energy threshold was again found to 
be 4.5 mJ/pulse, though the intensity was four times 
higher. Since the observed optical damage threshold of 
the mirrors depends on intensity rather than energy, the 
beam diameter must be increased until the effective 
walkoff length is equal to the full length of the crystal to 
obtain maximum efficiency. The efficiency of the de 
vice was limited by optical damage to the pump optics 
and by the conversion ef?ciency of the 266 nm radiation 
into the far ?eld. The surface damage threshold of the 
crystal 24 at 266 nm was found to be at least as high as 
120 Mw/cmz. At no time during the experimental tests 
of the present invention did the crystal 24 exhibit any 
signs of damage, even after long periods of irradiation at 
this intensity. 

Thus, there has been provided a novel and unique 
optical parametric oscillator in which continuously 
tunable output signals in the wavelength range 0.300 to 
0.400 range are easily obtained. The oscillator cavity 
has two separate pairs of mirrors, thus simplifying the 
coatings required, and allowing the use of commercially 
available highly re?ective mirrors in the cavity and 
simple aluminized plate glass mirrors as the cavity mir 
rors. Although the inclusion of a pair of pump steering 
mirrors lengthens the cavity and thereby increases the 
oscillation threshold, this design provides a good com 
promise in view of the limitations imposed in current 
oscillators by the optical damage caused in current 
mirror coatings. Although the invention is described in 
terms of the use of a beta barium metaborate crystal, it 
should be understood that other crystals might also be 
used, although the HBO crystal illustrates the advan 
tages of the present cavity construction, which serves to 
separate the pump signal out of the cavity. Accord 
ingly', the true spirit and scope of the invention is limited 
only the following claims. - 
What is claimed is: 
l. A singly resonant tunable optical parametric oscil 

lator comprising: 
an oscillator resonant cavity; 
?rst and second resonant cavity mirrors de?ning 

opposite ends of said cavity, said cavity having an 
optical axis extending between said mirrors; 

a nonlinear optical crystal mounted for rotation in 
said cavity between said resonant cavity mirrors 
and lying on said axis, said optical crystal being 
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rotatable about a crystalline axis perpendicular to 
said cavity axis for tuning said oscillator; 

?rst and second pump steering mirrors in said cavity, 
said ?rst pump steering mirror being positioned on 
said cavity axis between said ?rst resonant cavity 
mirror and a ?rst end of said crystal, said second 
pump steering mirror being positioned on said cav 
ity axis between said second resonant cavity mirror 
and a second end of said crystal; 

a laser pumping source directing a pump beam of 
pulses into said cavity, said pump beam being inci 
dent on said ?rst pump steering mirror and being 
de?ected thereby into and through said crystal to 
said second pump steering mirror, said second 
pump steering mirror directing said pump beam out 
of said cavity, said pump beam having a wave 
length and power suf?cient to produce parametric 
luminescence in said crystal which is emitted there 
from as parametrically generated signal and idler 
output beams of light having wavelengths depen 
dent upon the rotational position of said crystal 
with respect to said optical axis; and 

wherein said resonant cavity mirrors each have a 
transmittance spectrum which produces substantial 
re?ectance and some transmittance at the wave 
lengths of a selected one of said parametrically 
generated output beams to produce singly resonant 
oscillation in said cavity and to permit light having 
said selected parametrically generated wavelength 
to be emitted from the cavity. 

2. The oscillator of claim 1, wherein said ?rst and 
second pump steering mirrors are set at Brewster’s 
angle with respect to said cavity axis. 

3. The oscillator of claim 1, wherein said ?rst and 
second pump steering mirrors are re?ective at the 
wavelength of said pump beam and are transmissive at 
the wavelengths of said output beams. 

4. The oscillator of claim 1, wherein said pump steer 
ing mirrors are aligned von said cavity axis and are set at 
Brewster’s angle with respect thereto, said pump steer 
ing mirrors each having a transmittance spectrum 
which produces re?ection in a band which includes the 
wavelength of said pumping beam and transmission in a 
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8 
band which includes the wavelengths of said parametri 
cally generated output beam. 

5. The oscillator of claim 4, wherein said crystal is 
beta barium metaborate. 

6. The oscillator of claim 5, wherein said laser pump 
beam includes pulses having a wavelength of 266 nm. 

7. The oscillator of claim 4, wherein said resonant 
cavity mirrors are coated to produce re?ectance and 
transmittance characteristics which satisfy the condi 
tions for singly'resonant oscillation of said signal beam 
in said cavity. 

8. The oscillator of claim 4, wherein said resonant 
cavity mirrors are coated to produce re?ectance and 
transmittance characteristics which satisfy the condi 
tions for singly resonant oscillation of said idler beam in 
said cavity. 

9. The oscillator of claim 6 wherein said crystal is 
rotatable to vary the wavelength of said output signal 
beam of light in the range of about 0.300 to 0.400 mi 
crometer to provide a continuously tunable output. 

10. The oscillator of claim 1, wherein said resonant 
cavity mirrors are coated to produce re?ectance and 
transmittance characteristics which satisfy the condi 
tions for singly resonant oscillation in said cavity at 
wavelengths selected by rotation of said crystal. 

11. The oscillator of claim 10, wherein said ?rst and 
second pump steering mirrors are set at Brewster’s 
angle with respect to said cavity axis. 

12. The oscillator of claim 10, wherein said ?rst and 
second pump steering mirrors are re?ective at the 
wavelength of said laser pump beam, and are transmis 
sive at the wavelength of said output beam of light. 

13. The oscillator of claim 12, wherein said output 
beam of light has a wavelength tunable in the ultravio 
let, visible, or near infrared wavelengths. 

14. The oscillator of claim 13, wherein said pump 
beam has a wavelength of 266 nm, and wherein said 
output beam has a wavelength selectable between about 
0.300 to 0.400 micrometers. 

15. The oscillator of claim 14, wherein said crystal is 
beta barium metaborate. 
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